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Abstract 
Four small impoundments (5–25 ha) in the Glacial Plains of the Midwestern USA were intensively sampled to 
determine the concentration and spatial distribution of sediment organic carbon (OC; 31–40 cores per reservoir, 
averaging 2.7 samples per hectare). Burial rates for sediment OC varied from 183 to 279 g OC m−2 a−1 over the lifetime 
of these reservoirs (about 50 years). Organic carbon averaged 39.4 mg per gram dry sediment (n = 137) and mean 
values varied from 20.3 to 54.8 mg OC per gram dry sediment among the reservoirs; these concentrations are within the 
mid-range of values reported from other lakes and reservoirs. Spatial distribution of OC generally showed an increase 
from the inflow to the dam and in some cases lateral gradients that varied by a factor of 2. Based on simple random 
sampling, 10 core samples provide relative precision of around 25% and equate to a mean of 0.8 samples per hectare. 
This analysis of sampling effort will be useful for global up-scaling of carbon sequestration in small impoundments. 
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Introduction
Freshwater lakes and impoundments are considered dis-
proportionately active locations for carbon cycling relative 
to their areal extent on the continents (Downing et al. 
2006, Cole et al. 2007). Carbon burial rates in the 
sediments of small, fertile impoundments are greater than 
either large reservoirs or natural lakes; one estimate 
suggests annual burial of organic carbon (OC) in the 
world’s farm ponds is similar to storage in ocean 
sediments (Downing et al. 2008). The number of small 
impoundments continues to increase globally with direct 
impact on carbon sequestration (Downing et al. 2006, 
2008, Kastowski et al. 2011). An area of uncertainty in 
ecology and limnology, however, is knowledge to assure 
accurate and precise sampling protocols and calculations 
for carbon cycling from freshwater ecosystems to better 
constrain global estimates (Downing 2010). 
Several studies have assessed spatial distribution of 
sediments, sampling, and sample representativeness in 
natural lakes (Håkanson 1984, Rowan et al. 1995, Rippey 
et al. 2008), but there is a lack of similar information for 
impoundments (Abraham et al. 1999). Sampling protocols 
for reservoirs may differ greatly from those of lakes 
because of morphological and hydrodynamic differences 
between the 2 lake types. Reservoirs are typically 
constructed at the confluence of several tributaries with 
comparatively large watersheds and inputs of mineral 
turbidity; these characteristics cause them to rapidly 
accumulate sediment along a longitudinal gradient from 
inflow to outflow (Shotbolt et al. 2005, Vanni et al. 2011). 
In this study, we intensively sampled OC concentrations 
in the sediments of 4 small impoundments located in the 
Glacial Plains of northern Missouri (5–25 ha; Table 1). 
The objectives were to describe the spatial distribution of 
OC in recently deposited sediments in these basins and 
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determine an optimal sampling strategy. Organic nitrogen 
was also measured, and values are presented to further 
characterize reservoir sediments in this region. 
Study sites
The 4 study impoundments were selected because they 
were of near-equal age (about 50 years; constructed 
between 1957 and 1963), and concentrations of nutrients, 
algal chlorophyll, and suspended solids approximate the 
range of conditions found in reservoirs located in the 
Glacial Plains of northern Missouri (Table 1; Jones et al. 
2008a, 2008b, Jones 2010). These reservoirs were 
constructed about a century after historic prairie and 
forest vegetation was altered for agriculture; as such, 
riverine nutrient and sediment loads from this landscape 
were in place prior to impoundment of these artificial 
lakes. The trophic state of these reservoirs is determined 
by land cover (a surrogate for nutrient loading), 
morphology, and hydraulic flushing, and there is no 
evidence that conditions have changed since construction 
(Jones et al. 2009).
Methods
From 31 to 40 cores were collected from each 
impoundment (n = 137; Table 1) using a modified Kajak-
Brinkhurst sediment corer (with a 6.35 cm inner diameter 
and 70 cm tube; Pittman 2011). The sampling strategy 
consisted of collecting cores at equal distances along 
2 parallel transects running the length of each basin to 
characterize longitudinal distribution and along 2 perpen-
dicular transects in each basin to characterize lateral dis-
tribution (Pittman 2011). To determine how well 
individual cores represent local OC and N concentrations, 
3 cores were collected within a 2 m radius (±1 m) from a 
location near the middle or near-dam in each reservoir. 
Our effort to characterize spatial distribution using 
transects and a grid pattern resulted in a sampling density 
averaging 2.7 samples per ha. This sampling effort is more 
intensive than previous collections from impoundments 
(Abraham 1998, ~1 sample per 50 ha; Abraham et al. 
1999, ~1 sample per 26–480 ha; Downing et al. 2008, 
~1 sample per 40 ha; Ritchie 1989, ~1 sample per 70–100 
ha) and similar to the high-density sampling applied to 
several natural lakes (Anderson 1990, Rippey et al. 2008, 
~2 samples per ha). Our collections, however, were less 
intensive than the studies by Bloemendal et al. (1979, 
21 samples per ha) or Foster and Walling (1994, 5 samples 
per ha). 
Total OC and total nitrogen (N) concentrations were 
determined on 5 to 10 cm sections of these cores by dry 
combustion at 950 °C using an LECO Tru-Spec C/N 
analyzer (St. Joseph, MI) with methods after Nelson and 
Sommers (1996). Results are expressed as mg OC per 
gram dry sediment. Dry bulk density of the sediment 
(g dry mass cm−3) was determined after Downing et al. 
(2008).
Soft sediment thickness was measured after Brenner 
et al. (1999) at 6 to 11 locations along the midline and a 
lateral transect in each reservoir. Sediment thickness was 
divided by years since each reservoir was impounded as 
an estimate of sediment accumulation rate (cm a−1). 
Burial rates for sediment OC were calculated based on 
mean OC concentration in individual cores, dry bulk 
density, and sediment accumulation rate (Pittman 2011). 
This approach assumes that little OC has been respired in 
the past 50 years due to low oxygen status in the sediment 
and does not account for possible compaction (Dean 
1999, Heathcote and Downing 2012, Heathcote et al. 
2012). 
Consistent with the goal of estimating recent carbon 
deposition in these reservoirs, analyses were based on OC 
concentrations in the 0–5 cm segment of the cores, unless 
noted otherwise. The universal kriging function of the ge-
ostatistical wizard tool in ArcMap 9.3.1 was used to 
predict the spatial distribution of sediment OC. Concen-
trations were classified by natural breaks (Jenks’ optimiza-
tion) to separate data into classes based on natural 
groupings in the data distribution (ESRI 2011). 
Results and discussion
Sediment averaged 39.6 mg OC per gram dry sediment 
(hereafter expressed as mg g−1, n = 137) with individual 
samples ranging from 6.5 to 79.2 mg g−1 (Table 1). Among 
the 4 reservoirs, mean concentrations varied from 20.3 to 
55.4 mg g−1 (Table 1); within individual reservoirs the 
difference between minimum and maximum values 
ranged by 2-fold (Fayette) to 12-fold (Jamesport; Table 1). 
Overall, these OC concentrations are near the mid-range 
of values reported in similar studies (United States, 
Ritchie 1989; Iowa, Downing et al. 2008; Sweden, Rippey 
et al. 2008; New Zealand and China, Trolle et al. 2010; 
Ohio, Vanni et al. 2011). Moderate values are expected in 
impoundments because they are located in erosional 
topography, and high inorganic sedimentation dilutes 
organic materials and lowers OC values (Hyne 1978, 
Mulholland and Elwood 1982). The mean and range of 
sediment OC was the smallest in Fayette, the 
impoundment with the highest concentration of mineral 
turbidity in the water column and largest ratio of 
catchment area to reservoir surface area (Table 1). Surface 
sediment from Fayette also had the largest dry bulk 
density values of the study reservoirs (mean = 0.43 vs. 
0.28–0.30 g dry mass cm−3). 
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The cores averaged 28 cm long (from 5 to 55 cm, 
n = 137) and were collected at a mean water depth 
of 322  cm (from 60 to 620 cm). The OC concentration in 
the 0–5 cm segment of sediment was highly correlated 
with average OC in the entire core (r = 0.91, n = 137). 
The ratio of these 2 measurements was 1.3. Larger OC 
concentrations in the surface layer are expected because 
organics degrade over time in strata of greater depth 
and age (Trolle et al. 2010), but this ratio suggests 
sediment OC has not degraded substantially over the short 
life of these reservoirs. The water content of these 
surficial sediments (Table 1) varied from <50%, which 
characterizes coarse-grained materials, to >75%, which 
characterizes fine grain sediments (after Håkanson 1984). 
Within each reservoir there was a strong correlation 
between sediment water content and OC concentration 
(r = 0.85–0.93, p < 0.001). 
Based on the depth of soft sediments in these im-
poundments, sediment accumulation rates since construc-
tion varied from 0.97 to 2.47 cm a−1 (Table 1). These 
estimates do not account for sediment compaction or 
surface diagenesis but are within the range of sediment ac-
Table 1. Summary data for the 4 study reservoirs. Variables include: lake area, mean depth ratio of catchment area-to-surface area (Catch 
area:Surface Area), percent of each watershed in land use categories (Forest %, Crop %, and Grass %), total phosphorus and nitrogen (TP and 
TN), algal chlorophyll (Chl) and non volatile suspended solids (NVSS) from Jones et al. (2008a). Organic carbon and nitrogen are from the top 
5 cm of sediment, measured in mg per gram dry sediment. Water content of sediment is percent. Sedimentation variables include sediment ac-
cumulation rate (SAR) and organic carbon burial rate (OC).
  Fayette Jamesport Lick Creek Worth County
Morphology and Watershed
Surface Area (ha) 24.3 12.1 5.3 8.1
Catch area: Surface Area 21 9.9 10 11.5
Forest % 45 26 72.7 3.7
Crop % 4.7 3.8 0 14.9
Grass % 42.1 49.5 12.3 70.7
 Water Chemistry
TP (μg/L) 36 146 24 62
TN (μg/L) 765 2150 655 1240
Chl (μg/L) 12 151 9 30
NVSS (mg/L) 4.3 2.5 0.5 2.7
Sediment Organic Carbon
n 40 32 32 33
Geometric Mean 20.0 48.8 40.7 44.0
Median 20.3 61.5 43.6 45.1
Minimum 13.9 6.5 17.8 15.9
maximum 26.7 79.2 69.8 58.3
Sediment Nitrogen
Geometric Mean 2.2 5.06 4.13 4.45
Water Content (%)
Geometric mean 66 77 77 75
Minimum 43 31 45 31
maximum 76 88 88 88
Sedimentation Variables
SAR (cm/a-1) 2.47 0.97 1.64 1.57
OC Burial Rate 
(g m-2/a-1) 229 183 256 279
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cumulation rates measured in reservoirs (Mulholland and 
Elwood 1982, Downing et al. 2008). Using these values, 
the top 5 cm of sediment is recently deposited material 
that has accumulated over about 3.5 years (from 2 years in 
Lick Creek to 5 years in Jamesport). The age of this top 
layer is consistent with our goal of characterizing OC in 
recently deposited sediments.
Based on measurements of sediment deposition since 
construction and OC values in the cores, burial rates for 
sediment OC in these impoundments varied from 183 to 
279 g OC m−2 a−1 (Table 1). These values fit the pattern 
with surface area for a broad range of eutrophic lakes 
shown by Downing et al. (2008; Fig. 1). Accumulation 
rates in the Missouri impoundments were somewhat less 
than those found in similar size lakes in agricultural 
watersheds in Iowa; this disparity is consistent with 
differences in ambient soil fertility and the intensity of 
crop production between the 2 regions (Jones et al. 
2008b). 
The coefficient of variation among 3 cores collected 
within a 2 m radius near the middle or a near-dam location 
in each reservoir ranged from 1.6 to 3.7% for OC and 2.1 
to 4.2% for N. This variability is low when compared with 
previous studies of replicate cores (Hargrave and Nielsen 
1977, Slater and Boag 1978, Anderson et al. 1982, 
Downing and Rath1988) but matches the findings of 
others (Reynoldson and Hamilton 1982, Twinch and 
Peters 1984). This outcome suggests inter-core variation 
of OC, and N was modest in these impoundments. As 
such, individual samples represent local conditions on a 
scale of several meters and support use of these data to 
interpret spatial patterns. Analytical error was only ±2.2% 
(Nelson and Sommers 1996) and can be considered minor 
relative to spatial variation in OC. 
Similar to the pattern previously described for 
reservoirs (Shotbolt et al. 2005, Vanni et al. 2011), 
sediment OC concentrations increased from the inflow to 
the outflow in these basins (Fig. 2). Low values near the 
inflow are attributed to dilution by sedimentation of 
coarse inorganic matter (Hyne 1978, Shotbolt et al. 
2005). The pattern of the down-reservoir increase in OC 
differed among reservoirs. In Jamesport, the most fertile 
reservoir sampled (Table 1), OC concentrations increased 
perpendicular to water flow forming an arched shaped fan 
of high sediment OC in front of the dam (Fig. 2a). In 
Fayette and Lick Creek reservoirs the down-reservoir 
pattern showed a modest, clockwise shift resulting from 
lateral differences in OC concentrations with high values 
along the westernmost shore of each basin (Fig. 2b and 
2c). In Lick Creek (Fig. 2c), OC concentrations differed 
by about 2-fold across the mid-line, while lateral 
differences were much smaller in Fayette (Fig. 2b). In 
Worth County, neither the longitudinal nor lateral 
gradient was strongly defined; in this basin OC values 
were nearly homogenous beyond the inflow (Fig. 2d). 
These various patterns likely reflect differences in 
tributary inflows and wind mixing among basins. Collec-
tively, the patterns (Fig. 2) are the best available charac-
terization of the longitudinal and lateral spatial distribu-
tion of OC in small reservoirs on the Glacial Plains in 
Missouri. In each reservoir, distributions and gradients in 
sediment N were analogous to the OC pattern. There was 
a strong positive correlation between sediment OC and N 
across samples (r = 0.91, n = 137) with an average ratio 
of sediment N to OC of 1:10. 
To assess optimal sampling strategy of similar im-
poundments in the region, data from all 4 reservoirs were 
pooled to determine relative precision for OC (maximum 
acceptable error as a percent of the mean) against sample 
size, assuming simple random sampling (Fig. 3; 
Thompson 1992). Pooling was justified because these 
reservoirs represent the size and trophic state of many 
impoundments in the region (Table 1; Jones et al. 2008a, 
Jones 2010). The utility of stratified random sampling 
was evaluated but was not supported when compared 
with simple random sampling. The analysis suggests that 
with the collection of 10 random core samples the 
relative precision approximates 25% (Fig. 3). This 
equates to a mean of 0.8 samples per hectare in these 
reservoirs. 
Our analysis of sampling effort and precision suggests 
collecting no more than 10 random core samples because 
fewer samples dramatically decreases precision; however, 
Fig. 1. Organic carbon burial rates (g m−2 a−1) plotted against surface 
area. Figure taken from Downing (2008) with data from this study 
superimposed.
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Fig. 2. Universal kriging predictive maps for OC in the surficial (0–5 cm) sediment layer in the 4 study impoundments. Shading shows 5 ranges 
(lightest = smallest concentrations; darkest = largest concentrations). The shades used to represent concentration ranges differ among maps.
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additional sampling beyond 10 results in only marginal 
gains in precision. For example, going from 5 to 10 
samples improves precision from nearly 40 to 25%. With 
20 samples, however, precision drops only to about 20%, 
and the precision of 50 samples does not fall below 10% 
(Fig. 3). This analysis showed similar trends between 
sampling effort of surface sediments and expected 
accuracy in OC in the 5–15 cm segment, with slightly 
higher precision for OC in the total core (Fig. 3). Relation-
ships between sample size and precision were similar for 
sediment N (data not shown).
This sampling approach (Fig. 3) also informs 
estimating OC accumulation rates (g OC m−2 a−1), which 
are calculated as the product of the accumulation rate of 
dry sediment (determined using dry bulk density and 
sediment accumulation rate) values and OC concentra-
tions (Rippey et al. 2008). For these data, OC in the 
0–5 cm segment showed a strong negative correlation 
with dry bulk density across all samples (log transformed, 
r = −0.90, p < 0.001) and within individual reservoirs (log 
transformed, r = −0.89 to −0.98, p < 0.001). Consequently, 
the surface OC is correlated spatially with dry bulk 
density.
Characteristics of reservoir sediment and its accumula-
tion have frequently been based on 5–10 cores spaced 
along the long axis and laterally to account for patterns in 
sediment distribution (Oldfield et al. 1999, Shotbolt et al. 
2006), and our findings support this sampling effort and 
design. Similar sampling effort has been recommended to 
estimate both chemical concentration and sediment accu-
mulation in natural lakes (Engstrom and Swain 1986, 
Rippey et al. 2008). 
Small ponds and lakes are more numerous than 
previously believed (Kastowski et al. 2011), and they 
sequester carbon at rates orders-of-magnitude greater 
than other global ecosystems (Downing 2010). Based on 
intensive sampling, the spatial distribution of OC in the 
surficial sediments of 4 midcontinent impoundments 
shows heterogeneity with both longitudinal and lateral 
gradients in OC concentrations (Fig. 2). Our analysis of 
sampling effort and associated precision (Fig. 3) provide 
a basis for designing sampling protocols for these 
ecosystems that are increasing in number worldwide. 
With a fixed number of samples derived from the 
precision curve determined from this study (Fig. 3), the 
distance between samples along the long axis and 
laterally should be equally spaced and scaled to the size 
of the reservoir. If greater precision is required, more 
samples can be collected and the distance between 
samples can be reduced, but even a doubling of sampling 
effort from 10 to 20 samples is expected to improve 
precision by only 5%.
Similar studies of small size-class impoundments and 
natural lakes in other geographic regions are needed to 
determine the generality of these findings and their 
importance for accurate and precise up-scaling of the role 
of these systems in the global carbon budget (Downing et 
al. 2008). 
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